We systematically show the effect of UV-light soaking on surface electronic structure and chemical states of solution processed ZnO nanoparticle (ZnONP) films in UHV, dry air and UV-ozone. UV exposure in UHV induces a slight decrease in work function and surfacedesorption of chemisorbed oxygen, whereas UV exposure in presence of oxygen cause an increase in work function due to oxygen atom vacancy filling in the ZnO matrix. We demonstrate that UV-light soaking in combination with vacuum or oxygen can tune the work function of the ZnONP films over a range exceeding 1 eV. Based on photovoltaic performance and diode measurements, we conclude that the oxygen atom vacancy filling occurs mainly at the surface of the ZnONP films and that the films consequently retain their n-type behavior despite significant increase in measured work function.
Introduction
Polymer solar cell (PSC) is considered as a promising renewable energy technology because of properties such as light weight, flexibility, low cost at large production, and power conversion efficiency (PCE) close to 10% has been demonstrated.
1, 2 Conventional PSC geometry comprises an active layer based on nanosale donor/acceptor network sandwiched between a bottom indium tin oxide (ITO) modified by a hole conducting Poly (3,4- ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) as anode and a top low work function metal as cathode. 3 However, the strong acidic PEDOT:PSS etching and metal oxidation lead to a rapid degradation of PCE, [4] [5] [6] which obviously limits the operational lifetime of device. To address the drawbacks, significant advances have been focused on modification of device architecture and interlayer. 7, 8 The inverted device features a low work function interlayer e.g. a transition metal oxide (TiOx, ZnO), 9 , 10 conjugated polymer (PFN, PFNBr), [11] [12] [13] or insulator (PEIE) 14 coated on ITO that acts as the bottom cathode and an airstable high work function metal or metal oxide e.g. Au and MoOx as the top anode. 15, 16 In addition, the inverted structure also matches well with the vertical phase separation of the active bulk heterojunction layer and thus enhances charge collection at the organic/electrode interfaces. 17, 18 Solution processed ZnO nanoparticle (ZnONP) layers are widely used as cathodes for the inverted polymer solar cells 19, 20 and n-type side of the recombination layer in tandem architectures 21, 22 due to comparatively high electron conductivity, low work function, transparency and environmental stability. The use of ZnO layers is not without problems, however. The conductivity of ZnO films is thought to be negatively affected by chemisorbed oxygen and this can in turn negatively impact the efficiency of the PCS. 23 The surface conductivity of ZnO films is decreased as chemisorbed oxygen molecules capture electrons from the ZnO conduction band creating a near-surface depletion region with a then comparatively high resistivity. [24] [25] [26] Oxygen molecules can also diffuse into the ZnO film where they chemisorb and create a potential barrier between and a depletion region along either side of the grain boundary, thus reducing the bulk conductivity of the film. [24] [25] [26] Ultra violet (UV) light-soaking of a ZnO film can improve conductivity as the photo-generated holes in the ZnO can discharge the negatively charged chemisorbed oxygen molecules thereby desorbing them at both the surface and grain boundaries. [24] [25] [26] When the ZnO layer is formed from ZnO nanoparticle (NP) formulations, the effect of chemisorbed oxygen on conductivity can take on even larger importance as the porosity of such ZnO films makes oxygen diffusion and surface chemisorption even bigger issues. UV light-soaking is thus often used in PSC featuring ZnO electron transport layers in order to improve the conductivity of the ZnO layer and decrease the series resistance, as well as eliminate the formation of S-shape current-voltage characterization as a result of kinetic barriers to charge transport at the contact, 27 and hence enhance the efficiency of the device. 23 However, the excessive UV lightsoaking would strongly modify the ZnONP work function, thus cause the interfacial band alignment shift in companying with the device performance degradation. [28] [29] [30] [31] [32] Previous work has demonstrated that the photovoltaic performance is sensitive to the surface electronic structure of cathode interlayer in terms of aligning energy levels at the interface with the bulk heterojunction layer. 33 ZnONP provides well matching contact energetics with the active layer as the typical work function of ~ 4.0 eV 34, 35 is low enough to pin the Fermi level at the fullerene interface [36] [37] [38] [39] , facilitating photoinduced electron transfer and extraction from polymer:fullerene blend. The low-lying ZnONP valence band of ~ 7.6 eV 40, 41 relative to vacuum level can effectively prevent holes from the blend reaching cathode for recombination, further reducing loss in PSC efficiency.
In this work we use UV light soaking and UV-ozone treatment to tune the work function (WF) [36] [37] [38] [39] , whereas the IP of 7.75 ± 0.05 eV is high enough to block hole extraction at the donor polymer/ZnONP interface. 42 and ~ average for the series of formulations studies (see Table   S1 ). Upon exposure, an abrupt vacuum level downshift of ~ 0.1 eV is observed as the work function decreases from 3.88 to 3.77 eV, where it stabilizes after 180 min. Concurrently, the valence band undergoes an almost negligible downshift of only ~ 0.02 eV at saturation, leading to the overall IP decrease as shown in Fig. 2b 1s photoelectron with lower kinetic energy compared to the main peak in a ZnO matrix. 44 After UV soaking in UHV, the oxygen- valence band region appears due to the increase of O2p state intensity, 43 which implies filling of oxygen vacancies by oxygen introduced by UV-ozone. Considering that the lack of oxygen stoichiometry makes ZnONP as n-type semiconductor due to the oxygen defects, 45 the surface of ZnONP becomes less conducting during UV-ozone soaking 24, 25 and less n-type, in agreement with the observed increase in WF and the smaller energy offset between valence band and Fermi level in the case of the constant band gap. No obvious changes were observed in the Zn2p core level spectra except for a shift of 0.6 eV to lower binding energy (Fig.4d ).
This shift results from the combination of more Zn atoms bound to O atoms and the WF shift.
Because of the oxygen vacancy filling under UV-ozone, the intensity of the oxygen-deficient sites and the intensity corresponding to the Zn-O bonds show the significant decrease and increase, respectively ( Table 1 summarizes the performance parameters. Cho et al. 30 The decreased FF could be accounted for by analyzing the dark J-V curves in Fig. 5b. An augmented dark current is observed in the device using the UV-ozone exposed ZnONP.
To investigate this origin of the V oc and J sc change, we picture the energy level alignments at ZnONP/PC 70 BM interface before and after UV-ozone soaking ( Fig. 5c and d 35 and the ZnO-ozone interaction counteract the conductivity improvement from the UV exposure. 24, 25 The UV-ozone exposure not only increases the work function, but also passivates the surface defects of ZnONP by ozone-interaction-induced filling of oxygen vacancies (Fig. 4e) . This modification would reduce the carrier recombination at the ZnONP/active layer interface, resulting in an increase both in carrier lifetime and photocurrent. 47 The high WF of UV-ozone soaked ZnONP films is attributed mainly to the filling of oxygen atom vacancies, reducing the number of electrons in the conduction band and thus pushing the Fermi level more towards the center of the band gap. It is thus a tempting thought that this process could be used to convert the ZnO into more of a p-type semiconductor which then would be suitable as a transparent anode. The p-type performance cannot be concluded from just a marked shift in the Fermi energy towards the valence band, however, so we tested the Fig.S3 ), however. Furthermore, though the UV-ozone soaking induced oxygen vacancy filling substantially reduces the defect density at the surface of the ZnONP, the bulk vacancy density if largely unaffected, would still make the ZnONP films n-type and hence unsuitable as anode material. The surface sensitivity of the photoelectron spectroscopy techniques used prevent effective probing of the bulk properties of the films, so to explore this point we instead carried out charge transport measurement using diode structures of ITO/PEDOT:PSS and UV-ozone exposed ZnONP/MEH-PPV/Au (see Fig. S2 ), confirming n-type behavior of the ZnONP films even after UV-ozone soaking, suggesting the effects are mainly concentrated to the surface.
Conclusion:
We 
Experimental details
Photoelectron spectroscopy: ZnO nanoparticle solutions in the study were prepared by Genes'Ink (particle size < 10 nm) and prepared by CNRS (particle size ~6 nm). The CNRS Inverted with pristine ZnONP UV-ozone exposed ZnONP
